To obtain precise cartometric measurements of forests is always a challenge and high-resolution data from Unmanned Aerial Vehicle (UAV) is currently the quickest method. Generation of a fine quality orthomosaic of the acquired image series is a pre-requisite for full exploitation of such data. This study examines six of the most frequently used photogrammetric software for popular and inexpensive UAV systems. It is assumed that ground control points (GCPs) are not required. The average Root Mean Square Error (RMSE) for raw orthophoto was 1.24 m and around 0.2 m precision for both X and Y axes. Additionally, the accuracy of UAV internal GNSS receiver was checked on reference points which slightly exceeds 2 m RMSE. The range of accuracy and precision of orthomosaic are provided as a valuable reference for the use of low-cost UAV in forest inventory.
Introduction
Environmental changes are very dynamic and actions and measures for its protection and reconstruction are urgently needed (Watson et al. 2018) as expressed in the 2015 Paris Agreement. Monitoring of changes connected to the shrinking of forested areas is best implemented by remote sensing approaches (Dash et al. 2017) . At present, spatial data obtained not only from satellites but also with mobile technologies such as a smartphone or UAV are mostly open-source and freely accessible on the internet (Tian et al. 2017 ). Some of the most popular applications of such spatial data are precision agriculture and forestry (Hird et al. 2017) . Employment of nonmetric cameras and inexpensive unmanned platforms has become the key to quickly acquiring high-resolution data from small areas covered by vegetation (Cruzan et al. 2016) . The possibility of UAV in characterizing individual tree variables (Guerra-Hernández et al. 2017) , forest structure (Ota et al. 2017) , biophysical attributes (Otero et al. 2018) , tree stump detection (Puliti et al. 2018 ) and real-time monitoring has dramat-ically increased its application in forest inventory. In addition, UAV 3D topographic representation is an excellent alternative to costly airborne laser scanning (ALS - Clapuyt et al. 2016) or even terrestrial laser scanning (TLS - Gruszczynski et al. 2017 ). Compared to ALS technology, the weakness of photogrammetric data is the lacking of precise digital terrain models (DTMs -Agüera-Vega et al. 2018) . The data cannot capture ground structure under tree crowns but it has been successfully exploited for canopy cover documentation. The imaging data enables a canopy height model (CHM) which can be used for the estimation of biomass, changes in canopy heights or tree counts, and crown detection (Dempewolf et al. 2017 ). The relatively low costs of these ready-made solutions, together with high data quality (Agüera-Vega et al. 2017) , operability in restricted places for take-off and landing, and practical independence from clouds' impacts (Schirrmann et al. 2017) due to the low level of flight, are typical advantages among many unmanned platforms. On the down sides, there are limiting factors like limited battery life, the relatively small area coverage for processing at one time, the loss of the line-of-sight leading to a weakening of data transmission (Tomaštík et al. 2017) , and radiometric quality of orthomosaic easily influenced by changing weather conditions . Finally, there is a problem with storing large data collections, as often very high image overlapping ratio is needed for accurate mosaicking (Torres-Sánchez et al. 2018) . Advanced photogrammetric software allows quick transformation of data from the use of drones. The cloud storage accessible in the field allows the generation of various products: an orthomosaic DTM or the state of health assessment of vegetation using moisture content. The accuracy of end products depends on the quality of the Global Navigation Satellite Systems (GNSS) receiver which is the most important positioning tool with the inertial measurements unit (IMU). Depending on the platform, inexpensive UAV solutions can achieve accuracy of positioning at about 2 meters with a single frequency GNSS receiver (Clark 2017) . One of the methods to improve the accuracy of image location and orientation is direct georeferencing technique . Higher flying height allows to increase orthomosaic horizontal accuracy from 5 to 0.6 meter (Chiang et al. 2012 , Pfeifer et al. 2012 , Turner et al. 2012 ) and about 2 meter for digital surface model (DSM -Ruzgiene et al. 2015) . However, in some cases an access to raw navigational data is needed for attaining such accuracies. Further improvement is possible through the use of GCPs or application of real time kinematic (RTK) technology. In both cases, the costs of processing grow significantly. The application of a GNSS surveying-class receiver in a for-est environment for the sake of GCP is difficult because of the limited access to navigation signals (Becker et al. 2017) . The installation of a GNSS receiver with the RTK technology is several times more expensive than the platform itself, which makes this solution a less preferred one. Most related studies involve costly platforms built for specific applications (Aicardi et al. 2017 , James et al. 2017 , Sankey et al. 2017 , Abdollahnejad et al. 2018 . It is therefore important to investigate the most cost-effective approach to obtain a readymade orthomosaics based on an inexpensive navigation system with robust computational algorithm. However, such research is lacking and few reports provide the necessary knowledge across different approaches for drone-based orthomosaicking.
In this work, we investigate the possibility of an inexpensive model of an unmanned platform which is widely accessible and runs without the need for extensions or intervention. The consumer grade UAV segment directly leads to the necessity of implementing cheaper navigation units (Torresan et al. 2017 ). However, the accuracy of GNSS receivers is low in this case, because they do not incorporate the expensive RTK technology. Improvements can be made through orthomosaics and 3D models, with the application of complex alignment algorithms (Wallace et al. 2016) . Precise UAV mapping using high quality orthomosaics are a basis for forest applications such as basic map updating (Rusnák et al. 2018) . We report the accuracy of a GNSS receiver of an inexpensive and commonly accessible unmanned aerial platform. We also discuss the impact of such accuracy on the orthomosaic based on photographic material generated by six software models including cloud-based processing and standalone PC based processing.
The study area included a forest environment, which constituted an additional challenge for constructing a finished orthomo-saic. To our knowledge, there are still very few reports which compare different photogrammetric software for UAV based mapping in a forested environment. As UAV deployments for forest inventory is getting more popular every day, this report will be valuable for researchers who are going to use the technology as a standard tool for data capture.
Materials and methods

Study area and equipment
An unmanned aerial platform Phantom ® 4 (SZ DJI Technology Co., Shenzhen, Guangdong, China) was used throughout the entire study. It is an inexpensive platform (1100 US$ in the production year 2016) that weighs less than 1.5 kg. The drone can easily fit in a medium-size backpack and deployed in small openings of a wooded area. The timespan of its flight in favorable weather conditions is about 20-25 minutes. The platform is equipped with GNSS/IMU navigational systems which are responsible for flight stabilization and assigning the coordinates to the images centers. Because it is typical consumer grade UAV model, there is no standard option to extract raw navigation data for further processing. All data are stored in Exchangeable Image File Format (EXIF) assigned to the header of each image separately. The camera has a sensor of 1/2.3″ with 12.4 effective megapixel and 20 mm f/2.8 lens. It is mounted on a gimbal which reduces any pitch, yaw and roll of the platform.
The experiments were carried out in three phases. In the first phase, the accuracy of internal UAV navigation receiver was checked based on 26 reference points. The second phase was realized by one flight above the city of Rogów (central Poland) and six orthomosaics were generated using six software. After accuracy assessment, the best software was used for the third phase where image acquisition of a real forested area was made at the Pokrzywnica forest (east-central Poland). Accuracy assessment was then performed on the orthomosaic of the forested area.
Accuracy analysis of the UAV navigation receiver was carried out on an open area at 52° 00′ 29.03″ N, 20° 00′ 37.65″ E (POLREF national grid reference system). The positioning error tolerance was set to below 0.01 m (Jaworski & Swiatek 2012) . To enhance precision positioning, the real-time kinematic RTK method was used with a HiPer SR ® GNSS surveying-class receiver (Topcon Positioning Systems, Inc., Tokyo, Japan) using additional 25 points.
The horizontal measurement precision was ±0.03 m according to ASG-EUPOS reference stations network (Bosy et al. 2007 ). In total 26 points were checked for quality by comparing coordinates values of the UAV platform at ground level and 10 m above the ground. This is to avoid reflected signals from the ground.
Analysis of orthomosaics accuracy was carried out at the Forestry Experimental Station in Rogow (51° 49′ 20.85″ N, 19° 54′ 2.38″ E) located 100 km west of Warsaw, central Poland. The study area stretches across about 17 ha. This area was selected because reference materials can easily be acquired. There is a large diversity of tree species in the site. Because there are only low buildings (less than 20 meters), and practically no difference in terrain elevation, there are no obvious obstacles for the process of mosaicking.
The photogrammetric mission by UAV has permission from the Civil Aviation Authority and Polish Air Navigation Services Agency. The flyover was in late spring, May 2016. Images were acquired at a height of 115 meters and maximum velocity 5 m s -1 . In the course of about 15 minutes around 113 photos were taken with 80% overlap and sidelap. The ground sample distance (GSD) along the 3.8 kilometer route was 5 cm. The sky was 100% overcast and the wind Accuracy of different software for processing low-cost UAV data was 3 m s -1 . The images obtained had good photographic sharpness, favourable colour tonality of the orthomosaic without shadow. For accuracy assessment, reference points with clearly distinguishable objects/ details have been collected. The reference points were distributed evenly across the whole area. A Topcon HiPer SR surveyingclass navigational receiver was used. Altogether, 53 reference points were recorded in RTK mode with horizontal measurement precision at ±0.03 m. They were measured at 10 epochs averaging and real time differential correction was delivered by ASG-EU-POS network of reference stations. Processing of the acquired images was conducted using six different photogrammetric applications: AgiSoft PhotoScan™ (3499 US$ node-locked license), APS™ (4500 US$ one year license), Pix4Dmapper™ (3000 US$ one year license), and the cloud services DroneDeploy™ (1000 US$ one year license), Maps Made Easy™ (around 150 US$ per 2000 hectares), and PrecisionMapper™ (3500 US$ one year license). Fig. 1 shows part of the orthomosaic results generated from all the tested methods, which do not visually show any significant differences. The first three methods were applied on a desktop computer. The speed of mosaicking can vary depending on the capacity of a given computer. For each tested type of photogrammetric software, it took about 7 h for creating a final orthomosaic (the PC was equipped with a fifth-generation Intel Core i5 2.7 GHz processor and 8GB RAM DDR3 1867 MHz). All software programs offer the functions of creating an orthomosaic, DSM/DTM model, 3D point cloud, texture models, capacity measurements, 2D measurements, maps of NDVI indicators, video animations from the 3D model, exporting of vector and raster data, and sharing of products through cloud storage. The solutions offered by the DroneDeploy, Maps Made Easy, and Preci-sionMapper providers are based on a cloud service, which means that the user must send all acquired images and metafiles to the servers. After final accuracy test and precision analysis of the orthomosaics, one software was selected for further image processing of pure forest environment.
Field verification in typical forest conditions was carried out in the Pokrzywnica forest in east-central Poland (52° 36′ 37″ N, 20° 58′ 23″ E), in which a total of 137 reference points were selected for accuracy assessment. The mean location error of each point was 0.11 m after traverse adjustment. Reference points were selected at the edge of the five openings across an area of about 15 hectares. Every point was marked on the ground and precisely recognized on orthomosaics. The UAV acquisition was performed at the height of 115 meters, with a velocity of 8.7 m s -1 , and a route of 6.5 km in length. In the course of about 15 minutes, 240 photographs were taken (with 85% overlap and sidelap). The original GSD was at 5 cm (Fig. 2) . GCPs were not used for the generation of the mosaic. All measurements and finished orthomosaics were transformed from the WGS 84 ellipsoid system to the 2000 national reference (EPSG code 2178) grid system. Flight missions were realized by MapPilot ® for iOS (Drones Made Easy, San Diego, CA, USA) which guarantees optimal trajectory.
Accuracy and precision calculations
Generation of the orthomosaics involves not only the center coordinates of the photo but also the stereo-matching algorithm, both had an impact on final accuracy. Quantitative analysis of the accuracy of the photogrammetric material and control of the unmanned aerial platform's GNSS receiver was carried out using different measures. First, the root mean square error (RMSE -Uysal et al. 2015) was calculated (eqn. 1, eqn. 2, eqn. 3):
(1)
where X,Yimage are the values of the X,Y coordinates from the orthomosaic, X,Yref are the values of the X,Y coordinates with traditional surveying methods, and n is the number of observations.
The mean absolute error (MAE) provides a more natural and unambiguous assessment (Willmott & Matsuura 2005 -eqn. 4, eqn. 5) :
Precision is the measure of the relative congruency of the orthomosaic (Walther & Moore 2005) and is represented by the following equations (eqn. 6, eqn. 7):
where (eqn. 8, eqn. 9):
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Eqn. 6 to 9 allows the estimation of systematic error of the orthomosaic resulting from the inaccuracy of the unmanned platform's GNSS receiver. Eqn. 1 to 9 were calculated with all reference points taken at the Rogow Forestry Experimental Station and Pokrzywnica forest.
In the study area of Pokrzywnica forest, five gaps (clearings) underwent an additional accuracy assessment, which was car-ried out by comparison to in situ measurements. The percentage error was determined as follows (eqn. 10): (10) where Aref is the gap area measured by the surveying methods, and ΔA is the difference between the real area of the reference plot and the area obtained from digitalization.
Data processing
The construction of the final orthomosaic from large image sets was based on the GPS-assisted bundle adjustment method. The input was the EXIF of each image which includes details about location, orientation and camera parameters. Final position and estimated covariance was extracted using individual models accompanying the software (Bemis et al. 2014 ). This served as the initial approximation of images locations to find tie points for the algorithm (Colomina & Molina 2014). Processing of photographs in the DroneDeploy computational cloud can be carried out by two algorithms: "Terrain" (optimal for areas with small differences in elevation) or "Structure" (adjusted for areas with big differences in elevation). Because there are significant differences in height variation of the surface objects such as trees and buildings on Rogow Forestry Experimental Station and Pokrzywnica dis-trict, the "Structure" algorithm was applied. The time of data processing depends on the number of photographs. A finished orthomosaic can be downloaded to a computer or shared directly through the software producer's server. In the case of the Maps Made Easy and PrecisionMapper software, the user has no possibility of configuring any parameters. The main feature of desktop applications such as Agisoft PhotoScanPro software is that they allow flexibility in configuring numerous elements like the selection of a coordinate system, camera parameters, and the level of filtration of a point cloud, as well as the possibility of marking GCPs oneself. The user also can choose among a wide range of formats for data exporting, along with a detailed report documenting the stereomatching process. Default configuration is always used to obtain data unless fine-tuning is necessary.
Results
Accuracy of the unmanned platform's GNSS receiver (first experiment phase) directly above the measurement point was ±2.07 m, ±1.87 m for the X axis and ±0.89 m for the Y axis (Tab. 1). Hovering at 10 meters above ground level (AGL), the RMSE for the unmanned platform was ±2.01 m, with 1.99 m for the X axis and 0.25 m for the Y axis.
Tab. 1 shows that the maximum and minimum values are smaller in the case of 10 m above ground level, despite at 0 m AGL the horizon was unobscured. For the component of X axis, the minimum value was 2.98 m, and for the Y axis it was 0.00 m. The maximum values for the X axis and Y axis were 5.24 m and 0.18 m, respectively. For the acquisition phase, a total of 113 photographs were taken, which occupied 592 MB of disk space (second experiment phase). For each tested software, it took about 7 hours for obtaining the final orthomosaic. The averaged RMSE error for all types of software was about 1.24 m. It should be noted that it is nearly 4 times higher for the X axis than the Y axis ( Fig. 3) .
As reported by Willmott & Matsuura (2005) , the average error had slightly smaller values and was on average 1.18 m for the X axis and 0.43 m for the Y axis. The minimum values of RMSE error for all the tested software models were about 1 m and the maximum values about 1.55 m. Only the PrecisionMapper computational cloud diverges from the rest, with a minimum error of 0.17 m and a maximum exceeding 3 m. Elimination of the systematic error (Bias) allowed higher precision of the finished orthomosaics, significantly lowering the error of positioning of the GNSS receiver. Congruency of the ground elements represented on the orthomosaic was about 0.21 m for the X axis and 0.25 m for the Y axis (Tab. 2).
Based on the results in Tab. 2, the Drone-Deploy software was selected for orthomosaic creation using the 240 drone im-
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Tab. 1 -Internal GNSS RMSE (XY) values (in meters) for 26 control points at 0 and 10 m above ground level (AGL). 
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Accuracy of different software for processing low-cost UAV data ages (1.24 GB) acquired at the Pokrzywnica forest (third experiment phase). The RMSE error was 1.66 m and overall precision did not exceed 1 m (Tab. 3). The minimum RMSE was 0.44 m and the maximum 3.41 m (Fig. 4) . Almost 80% of RMSE vector bearings was located in the northern part (Fig.  5 ). For the area error, the gaps located on the southern part of the orthomosaic had smaller errors. The average error of area estimation of the analyzed gaps slightly exceeded 1.3% (Tab. 3).
Discussion
Accuracy assessment of the unmanned platform's GNSS receiver clearly demonstrates that the navigation module (GNSS and IMU) is not of the best quality. Average RMSE errors are commensurate with a GIS-class receiver, or smartphones (Tomaštík et al. 2016) . In this work, only a typical code receiver was used, with an assumption that the positioning errors should be at the level of a few meters (Hofmann-Wellenhof et al. 2008) . It is an inexpensive solution that allows a relatively quick receiver initialization to achieve good readiness for flight. In order to achieve a high positioning accuracy, however, RTK technology should be used and in that case external reference stations providing data directly to the UAV will be needed. Otherwise, an additional postprocessing is required to achieve higher accuracy. Since the purpose of this study is to investigate low-cost drone-based acquisition for forest applications, high-accuracy positioning solutions have not been implemented as it increases its price several times, and the financial grounds for its application would no longer hold.
During the first experiment we observed that the navigational receiver installed on the UAV platform is sensitive to reflected signals. Positioning results will improve during flight when GNSS multipath phenomenon is minimum. However, it does not significantly improve the accuracy of the navigation module itself, which still stays at the level of ±2.0 m and the maximum values could exceed 5 m. The negative impact of the low GNSS accuracy can be ameliorated by using stereo-matching techniques.
The Structure for Motion algorithm is used to search for the common features in adjacent images (Cook 2017 , Alonzo et al. 2018 ) in all analyzed software. As a result, errors in positioning caused by GNSS receiver have been almost eliminated in the final orthomosaic. As shown in Tab. 2, the RMSE for situational details drops down to about 1.2 m using all of the applied photogrammetric software. In this way, the errors of the GNSS receiver mounted in UAV (Tab. 1) are reduced by nearly 60%.
Tab. 1 shows that the errors are nearly three times higher in the north-south axis than the east-west one. This phenomenon has been partially explained in the studies of Dawidowicz & Krzan (2014) , and is re-lated to the limited number of satellites available for geo-positioning in northern Poland, whereby the calculation of the final coordinates stored in EXIF are less accurate in the northern direction (Hofmann-Wellenhof et al. 2008) . Better results of accuracy (Tab. 2) compared to the accuracy of UAV located on the ground (Tab. 1) can be also explained by the influence of IMU which start operating after take-off. Elimination of the systematic error makes it possible to evaluate the relative congruity of a finished orthomosaic. Most of the tested photogrammetric software have similar er-iForest 12: 435-441 439
Tab. 3 -Point accuracy (eqn. 1-3), mean average error (eqn. 4-5), precision (eqn. 6-9) and area percentage error (eqn. 10) on the forest orthomosaic. ror calculated from eqn. 6-9, at the level of 0.13 m for both X axis and Y axis. The results from PrecisionMapper computational cloud, however, deviate significantly from the average performance. This is related to large errors in the process of stereo-matching in areas where the trees are close to reference points. For the most popular processing tools tested in this study, no significant differences were found. The time of processing of an orthomosaic was similar in all the studied cases and amounts to a few hours. For the software programs installed directly (AgiSoft, Pix4D, APS) on the personal computer, they allow more configuration options and thus better adjustment of the end product is realized. DroneDeploy, Maps Made Easy, and PrecisionMapper are cloud-based and have presented practical and efficient solutions. Cloudbased computation gives the possibility to process several separate areas simultaneously. It does not overload the computer and provides significantly faster processing of an orthomosaic than a program that process images on PC. The good results of DroneDeploy in terms of accuracy and precision, correct trees shape representation ( Fig. 1A) and very easy user-interface, led to use it for further analysis in forested areas. The advantage of such a solution is the complete independence from computational capacity of the user's computer. In comparison to desktop solutions, the user has only a limited range of configuration options and control over the final product.
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For the Pokrzywnica forest, it is clear that image texture has a significant influence on orthomosaic precision. The Structure for Motion algorithm does not work so well without clear edges and similar pixel colors because with rather homogenous forest texture, fewer tie points are available to aid image matching . Lower quality of the orthomosaic can be shown by shape distortion of tree crowns and the reference points are mis-located. There is no significant pixel movement on the final forest orthomosaic but it can be observed that the largest distortions are oriented to north direction ( Fig. 5 ) consistent with GNSS residuals (Tab. 2). The final precision of the orthomosaic is estimated at below 1 m (Tab. 3) and in terms of area percentage error, it is translated into around 1.3%. This result is much worse comparing to areas with clear edges in Rogów and is strictly connected with feature extraction procedure which is challenging for homogenous forest texture.
The main objective of the study is to investigate latest drone technology for obtaining image data in a cost-efficient and quick manner. It is understood that the use of GCPs based on RTK technology would practically eliminate the errors of the GNSS receiver. However, localization and measurement of GCPs in a forest environment is a very difficult task and potential errors can occur as a result of mistaken indication and low reference points accuracy. Visual analysis of the final orthomosaic shows that the impact of positioning error is small. Measurement results obtained from orthomosaic are significantly better than those obtained from GNSS receivers commonly used in the forest environment, whose errors are still difficult to estimate despite continuous development of navigation systems.
Conclusions
The speed of obtaining finished and precise orthomosaic with the use of inexpensive unmanned platforms constitutes an advantage over other technologies. The error in estimation of the forest boundary obtained in the study at a level of 1.66 m is acceptable from the perspective of forestry management. The study by Sálek et al. (2013) indicate that estimation error of the actual forest boundary can be several tens of meters. Taking into account the high precision of the obtained photogrammetric material, it can be assumed that estimation of areas of clearings and gaps in managed forests that are larger than 200 m 2 (Muscolo et al. 2017 ) is entirely sufficient. The obtained results confirm the assertion that application of inexpensive UAV solutions is entirely sufficient as a source of data for forest inventory. Taking into account the archived results the following conclusions may be made:
• although the accuracy of an autonomous GNSS receiver applied in inexpensive unmanned platforms is low, it can be partially reduced by photogrammetric software; • an orthomosaic obtained from a photogrammetric survey carried out by an inexpensive unmanned platform is of high precision on the clear texture objects; however, accuracy decreases to one meter in pure forest conditions. • the application of GCP lacks financial justification when obtaining spatial data for environmental analyses based on a single UAV flight mission; • the selection of the type of photogrammetric software should be based on the combination of its price, the computer's loading during processing and the precision achieved by the completed orthomosaic; • in order to obtain correct height coordinates there is a need to use GCPs or existing precise DTM from ALS.
